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Abstract 36
In the seasonally stratified Gulf of Aqaba Red Sea, both NO 2 release by phytoplankton 37
and NH 4 + oxidation by nitrifying microbes contributed to the formation of a primary nitrite 38 maximum (PNM) over different seasons and depths in the water column. In the winter and 39 during the days immediately following spring stratification, NO 2 formation was strongly 40 correlated (R 2 =0.99) with decreasing irradiance and chlorophyll, suggesting that incomplete 41 NO 3 reduction by light limited phytoplankton was a major source of NO 2 -. However, as 42 stratification progressed, NO 2 continued to be generated below the euphotic depth by microbial 43 NH 4 + oxidation, likely due to differential photoinhibition of NH 4 + and NO 2 oxidizing 44 populations. Natural abundance stable nitrogen isotope analyses revealed a decoupling of the 45 δ 15 N and δ 18 O in the combined NO 3 and NO 2 pool, suggesting that assimilation and nitrification 46
were co-occurring in surface waters. As stratification progressed, the δ 15 N of particulate N below 47 the euphotic depth increased from -5‰ to up to +20‰. 48 N uptake rates were also influenced by light; based on 15 N tracer experiments, 49 assimilation of NO 3 -, NO 2 -, and urea was more rapid in the light (434±24, 94±17, and 1194±48 50 nmol N L -1 day -1 respectively) than in the dark (58±14, 29±14, and 476±31 nmol N L -1 day -1 51 respectively). Dark NH 4 + assimilation was 314±31 nmol N L -1 day -1 , while light NH 4 + 52 assimilation was much faster, resulting in complete consumption of the 15 N spike in less than 7 53
hour from spike addition. The overall rate of coupled urea mineralization and NH 4 + oxidation 54
(14.1±7.6 nmol N L -1 day -1 ) was similar to that of NH 4 + oxidation alone (16.4±8.1 nmol N L -1 55 day -1 ), suggesting that for labile dissolved organic N compounds like urea, mineralization was 56 not a rate limiting step for nitrification. Our results suggest that assimilation and nitrification 57 compete for NH 4 + and that N transformation rates throughout the water column are influenced by 58 light over diel and seasonal cycles, allowing phytoplankton and nitrifying microbes to contribute 59 jointly to PNM formation. We identify important factors that influence the N cycle throughout 60 the year, including light intensity, substrate availability, and microbial community structure. 61
These processes could be relevant to other regions worldwide where seasonal variability in 62 mixing depth and stratification influence the contributions of phytoplankton and non-63 photosynthetic microbes to the N cycle. 64 65
Introduction 66
Nitrogen (N) is a limiting nutrient for primary producers in many marine environments, 67 and nitrogen compounds are important energy sources for marine microbes. Nitrogen cycling in 68 the surface ocean involves several key N transformation pathways (Fig. 1) . The major source of 69 new (external) N is the supply of nitrate (NO 3 -) from deep mixing, advection, or diffusion (Zehr 70 and Ward 2002 Ward and Carlucci 1985) . In turn, NO 3 can be converted to 80 NO 2 through incomplete NO 3 reduction by phytoplankton (Collos 1998), or through photo-81 reduction (Zafiriou and True 1979) . Other N transformation processes like denitrification 82 (Gruber and Sarmiento 1997) and anaerobic NH 4 + oxidation (Francis et al. 2007 ) also contribute 83 to N cycling in anoxic marine environments, but generally do not occur in oxygenated waters. 84 Recent findings have demonstrated that the marine N cycle is more complex than 85 previously understood. 2003). These findings suggest that more overlap exists in the types of N substrates taken up by 91 phytoplankton and non-photosynthetic microbes than previously believed. 92
The conditions and setting where the various processes of the N cycle occur has also been 93 expanded. For example, some marine nitrifier populations are inhibited by light, and thus 94 nitrification was thought to be confined to deeper waters (Olsen 1981). However, high 95 nitrification rates within surface waters were observed using 15 N tracers (Ward et al. 1989) or 96 calculated using natural abundance 15 N and 18 O data for NO 3 - ). Nitrification 97 may therefore occur throughout the water column in some locations. 98 Despite the complexity of the N cycle, several important characteristics remain apparent. 99 The N cycle comprises numerous N reservoirs (NO 3 -, NO 2 -, DON, etc), and their concentrations 100 and vertical distributions in the water column are affected by physical, chemical and biological 101 factors. Each reservoir may have numerous sources and sinks, some of which have yet to be 102 characterized. Importantly, the dynamic nature of the N cycle, with multiple reactions taking 103 place simultaneously, may result in large fluxes into and out of each reservoir. Yet these fluxes 104 are difficult to quantify by measuring concentration changes alone because the turnover can be 105 very rapid and shuttle N back and forth between reservoirs. Therefore, the standing stock of any 106 N compound in the water column can be constant or very low even though turnover (production 107 and consumption) may be rapid. 108
Changes in the concentrations of certain N compounds can occur if fluxes into and out of 109 a reservoir become unbalanced. An example of this type of phenomenon is the accumulation of 110 NO 2 in a stratified water column when NO 2 production exceeds its consumption, leading to 111 formation of a primary NO 2 maximum (PNM, Lomas & Lipschultz 2006 result values will plot along a line with a slope greater than 1. This decoupling is a result of the 138 processes of assimilation and nitrification competing for the NH 4 + substrate ). The 139 difference between the isotope effect of nitrification and that of assimilation will determine the 140 isotopic composition of the NO 3 returned to the N pool. The greater the difference between the 141 isotope effects of the two branching processes, the lower the δ 15 N NO3 becomes, whereas the 142 oxygen signature is insensitive to the origin of the N in nitrification ). 143
The goal of this work is to improve our understanding of the N cycle in the Gulf of 144 Aqaba, Red Sea; a system with nutrient cycles that are similar to many other seasonally stratified 145 subtropical seas (Labiosa et al. 2003) . Prior observations in the Gulf have suggested that 146 substrate availability has a strong influence on PNM dynamics, and that nitrification and NO 2 -147 excretion are dominant in the summer and winter respectively (Meeder et al. in prep) . In this 148 study, we seek to improve our understanding of how key physical, chemical and biological 149 processes contribute to this seasonality and identify temporal and spatial trends in N 150 transformation processes and rates. Our approach uses 15 N tracer experiments together with 151 natural abundance stable isotope measurements to quantify N transformation rates and determine 152 the extent of N regeneration from organic matter. This combined approach characterizes 153 different pathways in the N cycle over multiple temporal scales under both manipulated 154
(experimental) and in situ conditions. Particular attention is given to processes influencing NO 2 -155 maxima, and formation of the PNM is used as a framework to discuss the different N 156 transformation processes occurring in the Gulf. always used for processing isotopically enriched and control samples. All equipment was acid 202
washed and thoroughly rinsed with seawater prior to use. 203
Addition of 15 N tracer to low nutrient seawater can result in increased uptake rates 204 relative to natural levels following Michaelis-Menten kinetics. We therefore limited our tracer 205 additions to <10% of the ambient concentrations based on measurements of surface water that 206
were taken 1-2 days prior to the experiments. However, measurements of the actual background 207 concentrations for NO 3 -(0.2 µmol L -1 ), NO 2 -(0.03 µmol L -1 ), NH 4 + (0.025 µmol L -1 ) were lower 208 during the experiment than expected. Our measured rates may therefore overestimate the actual 209 rates by 50%, 230%, and 20% for NO 3 ). This effect is small for low uptake rates but can 305 increase as uptake rates increase. We found that values from these equations agreed well for all 306 but our two highest uptake rates. We therefore report an average of ρ t and ρ 0 as suggested by 307 Dugdale and Wilkerson (1986) . 308
Rates of NH 4 + oxidation and combined urea mineralization and subsequent oxidation of 309 the NH 4 + generated were determined from the isotopic composition of NO 2 measured at the 1 hr 310 time point in the 15 N tracer experiment using the following equation: 311
Where r is the net reaction rate, 15 N t is the atom% 15 N in the sample NO 2 measured by mass 313 spectrometer as described above for the first time point; 15 N enr is the atom% 15 N in the initially 314 labeled pool of NH 4 + or Urea; <F NO2 > is the natural abundance of 15 N of NO 2 in the baseline 315 sample water (in atom%); and t is the incubation time. The quantities c t and c 0 denote the NO 2 -316 concentration (µmol L -1 ) at time t and time zero (before additions were made), respectively. 317
Determination of rates based on enrichment experiments is based on the assumption that 318 the labeled fraction represents a constant portion of the total substrate pool throughout the 319 experiment. For example, if 15 NO 3 tracer is added as 10% of the background NO 3 concentration 320 at the start of the experiment, then the atomic percent of 15 NO 3 should ideally remain 10% 321 throughout the experiment for accurate measurements to be made. Transformation rates can then 322 be calculated based on this relationship once the amount of label that gets transformed is 323 measured (e.g. for every one 15 N atom taken up, 9 14 N atoms also get taken up). These estimates 324 are subject to error if rapid substrate regeneration occurs (Gilbert et al. 1982 ; Dugdale and 325 Wilkerson 1986). For example, if NO 3 is regenerated during an experiment, then the labeled 326 fraction will continually get "diluted" over the course of the experiment. This effect becomes 327 more pronounced in longer experiments. We were unable to quantify dissolved N 328 transformations based on the 7 and 13 hour time points in the 15 N tracer experiment because the 329 turnover rates were more rapid than we expected and dilution of the isotope label occurred, thus 330
we periods showed a clear relationship with seasonal mixing and stratification (Fig. 2) . In February 378
2008 the water column was mixed down to the seafloor before stratification occurred in March 379 (Fig, 1A) . In the winter (e.g. January-March), NO when the mixing depth was only down to ~400 m, NO 3 and NO 2 concentrations differed from 388 those in 2008, but still retained their inverse relationship in the winter and PNM formation the 389 summer ( Fig. 2B) . 390 Monthly monitoring of chl a also showed seasonal changes (Fig. 2) , with homogenous 391 mixed layer profiles in the winter months and the formation of deep chlorophyll maxima (DCM) 392
between 50-100 m in the stratified summer months. The PNM was located at or below the depth 393 of the DCM in 2008 and 2003. 394 395
3.2 In situ spring bloom monitoring 396
To determine how changing physical, chemical, and biological water column 397 characteristics influence N transformation rates, we compared nutrient, chlorophyll a, flow 398 cytometry, and isotope data from 3 profiles taken during early stages of stratification in 2008. 399
The first profile was taken when the water column retained many of its characteristics from 400 previous deep mixing. The other profiles were taken on two consecutive days after stratification 401 was established. Prior to the spring bloom in 2008, mixing depths extending to greater than 600 402 m as judged from nutrient ( Fig. 3A) and density profiles (not shown). 403
Nutrients 404
Field sampling conducted on March 18 at the very onset of stratification ( Fig. 3A ) 405 showed nearly homogenous NO 3 levels (~3 µmol L -1 ) throughout the water column, with a 406 tendency towards lower concentrations in surface waters (~2 µmol L -1 ). In surface waters, NO 2 -407 was higher (0.23 µmol L -1-) than throughout the rest of the euphotic zone (~0.18 µmol L -1 ), 408
whereas Particulate N levels increased in surface waters from 0.43 to 2.57 µmol N L -1 between March 18-414 24, and decreased to 1.08 µmol N L -1 by March 25 (Fig. 3B) . Total N was 12.1 ± 0.7 µmol N L -1 415 (n=21) for all depths in the water column ( Fig. 3C) . 416
Phytoplankton growth 417
Chl a profiles from 18, 24, and 25 March 2008 ( Fig. 3A) showed the progression of the 418 phytoplankton bloom following stratification. On March 18, the chl a profile was homogenous 419 throughout the euphotic zone (~0.2 mg m -3 ), except in the upper 20 m where it increased to ~0.5 420 mg m -3 Fig. 3A) . Chl a maxima were apparent in both the 24 and 25 March profiles, reaching 421 maximum concentrations of 0.8-0.9 mg m -3 between 40-60 m. 422
Flow cytometry measurements show that by March 24 and 25, phytoplankton populations 423
were most abundant in the upper water column and were dominated by Synechococcus and 424 nanophytoplankton ( Fig. 4) . Picoeukaryotes were present in smaller numbers (Fig. 4) , and no 425 substantial populations of Prochlorococcus were identified (data not shown). In the surface, 426
Synechococcus reached ~8.0e 4 cells mL -1 and nanophytoplankton reached ~2.0e 4 c mL -1 . Both 427
populations increased approximately two-fold between March 24 and 25 between depths of 60-428 120 m despite being below the 1% light level (60 m). The picoeukaryote population decreased 429 from ~3e 3 to ~0.8e 3 c mL -1 between March 24-25 in surface waters. Non-photosynthetic cells 430 ranged from 5.00e 5 -2.00e 6 c mL -1 throughout the water column ( Fig. 4) . 431
Isotopes of dissolved N+N and particulate N 432
Prior to stratification on March 18 th the δ 15 N N+N and δ 18 O N+N were homogenous through 433 the water column, averaging 2.6 ± 0.08 ‰ and 6.7 ± 0.17 ‰, respectively ( Fig. 5A,B) reached peak values of ~10 ‰ at 60 and 20 m on March 24 and 25 respectively ( Fig. 5A) , 438 whereas maximum δ 18 O N+N values of 53 and 40 ‰ were seen at the surface (Fig. 5B) . The δ 15 N 439 also showed a subsurface peak of ~11 ‰ at 160 m. These values of δ 15 N N+N and δ 18 O N+N include 440 an influence from NO 2 -, and may therefore differ from values that would be expected from NO 3 -441 alone. As outlined above, an isotope mass balance calculation was used to correct for this 442 artifact, the corrected data are plotted in Fig. 5A The dual isotope plot of δ 18 O N+N and δ 15 N N+N (Fig. 6) shows the tight clustering of values 448
on March 18 as a result of the values being homogenous throughout the water column. If nitrate 449 assimilation was the only process impacting the nitrate pool as stratification progressed, we 450 would expect to see the values sit along a 1:1 line as isotopic fractionation during nitrate 451 assimilation is known to produce a 1:1 increase in the δ 15 N and δ 18 O of nitrate (Granger et al, 452 2004) . Instead by March 25 the ratios were close to 5:1 ( Fig. 6C) , suggesting a decoupling of the 453 N and O isotopes of nitrate and thus the importance of other processes in addition to nitrate 454 assimilation. We note that the slopes of the δ 18 O N+N : δ 15 N N+N line measured here could be high 455 due to the analytical artifact contributed by NO 2 in some samples as discussed above. However, 456
although the value of the slopes were not as high overall for any given day in the corrected data 457 set Fig. 6 (gray circles) , the increase in the slopes between days is still apparent. 458
The δ 15 N values of particulate matter on March 18 averaged -4.7 ‰ (Fig. 5C) At the start of the 15 N tracer experiment the phytoplankton population was dominated by 464
Synechococcus (1.24e 5 c mL -1 ), followed by nanophytoplankton (4.66e 4 c mL -1 ) and 465 picoeukaryotes (4.2e 3 c mL -1 ). Non-photosynthetic cells were approximately an order of 466 magnitude more abundant than phytoplankton (~1.4e 6 c mL -1 ). There were no appreciable 467 changes in the community composition of the water used on the 1 st and 2 nd day of the experiment 468
(not shown). 469
In order to estimate fluxes of N between different N pools, we used isotope data from the 470 15 N tracer experiment along with nutrient inventory mass balance. We sought to quantify rates 471 for the following N transformations: (1) biological assimilation for NO unlabeled N becomes smaller than assumed based on initial concentrations of the substrate (i.e., 478 the regenerated substrate "dilutes" the tracer as the experiment progresses). Rates will also be 479 underestimated if the N product formed from the tracer is rapidly consumed by another process. 480
These sources of error can be minimized by selecting appropriate time scales over which to 481 calculate different rates (Gilbert et al. 1982) , and these concerns are discussed for each rate 482 estimate below. 483 484 3.4 Biological N assimilation 485 N uptake and assimilation rates were estimated in the 15 N tracer experiment based on 486 direct measurements of enrichment in the particulate matter for both light and dark treatments. 487
Error from dilution of the 15 N label due to substrate regeneration increases with longer 488 incubation times, as does the likelihood that phytoplankton will excrete and re-assimilate the 489 tracer (Gilbert et al. 1982; Bronk et al. 1994 ). However, assimilation rates immediately following 490 tracer addition are generally higher than actual in situ rates, a problem that can be ameliorated by 491 using a slightly longer incubation time. We used the 1, 7 and 13 hr time points to calculate 492 uptake rates; however, our calculated values could underestimate the actual assimilation rates by 493 a factor of 2 due to dilution of the 15 N label from regeneration of substrate (Gilbert et al. 1982 ), 494
and by 50-74% due to excretion of the 15 N label as DON following uptake (Bronk et al. 1994). 495
The background urea concentration during the experiment was 1.0 ± 0.1 µmol L -1 . Urea uptake 496
(1194 nmol N L -1 day) was approximately three-fold faster than NO 3 uptake (~434 nmol N L -1 497 day) in the light (Table 1, Fig. 7A,B) . Both urea and NO 3 uptake rates were higher in light 498
bottles than in dark bottles (476 nmol N L -1 day for urea and 58 nmol N L -1 day for NO 3 -, Table  499 1, Fig. 7A,B) sampling; however, based on the 7 hr time point when 15 N was still available NO 2 uptake was 503 three-fold higher in the light (94 nmol N L -1 day) than in the dark (29 nmol N L -1 day) ( Table 1) . 504 N uptake rates at 50% surface PAR were higher for NO 3 -(~420 nmol L -1 day -1 ) than for 505 NO 2 -(94 nmol L -1 day -1 ; Table 1 ). As mentioned above, NO 2 uptake rates could have been 506 underestimated by 2 fold in the 15 N addition experiment; however, even accounting for this 507 potential error, NO 3 -uptake still exceeded NO 2 uptake. We note that the uptake rates could be 508 more similar when NO We found that net NO 2 formation was strongly correlated with light between 60-200 m 545 (R 2 =0.99, Fig. 8B, Table 2 ) and ranged from 2.2-58 nmol L -1 day -1 (0.092-2.4 nmol L -1 hr -1 ). Chl 546 a concentration was also correlated with NO 2 formation rates; however, this relationship was 547 primarily because chl a abundance is also controlled by light ( Fig. 8C) . To parse the independent 548 effect of chl a concentration on NO 2 formation rate, we compared the residual chl a and NO 2 -549 formation rate data after subtracting out the influence of light on each parameter according to the 550 following procedure. 551
The influence of light on each parameter (chl a concentration or NO 2 formation rate) was 552 calculated based on the equations best fit as shown in Fig. 8B and C. The calculated value was 553 subtracted from the actual measured value to obtain the residual value. The residual values are 554 the portions of the actual chl a and net NO 2 formation rate measurements that are not accounted 555 for by light. The residual values of chl a and net NO 2 formation rate were then plotted ( Fig. 8D)  556 to determine the relationship between chl a and net NO 2 formation rate. With the exception of 557 one outlier point (showing a lower NO 2 formation rate than expected), a strong linear 558 relationship existed between residual chl a levels and residual NO 2 formation rates (Fig. 8D) . 559 Interestingly, the outlier point coincided with an NH 4 + peak at 120 m that got consumed between 560
March 18 and 24 (Fig. 3A) . The Gulf of Aqaba has predictable seasonal patterns of NO 2 distribution, and the spring 576 bloom is a period in which water column N dynamics transition between two different steady 577
states. The changing physical, chemical, and biological characteristics of the water column 578 during the onset of stratification in 2008 gave rise to substantial changes in the N cycle such that 579 new steady state nutrient inventories were established. As the water chemistry shifted toward this 580 new steady state different processes became dominant, giving rise to a PNM over a period of 581 several days. Below we discuss these changes in the N cycle and how they lead to formation of 582 the PNM which is maintained throughout the summer stratified period. 583 584 4.1 NO 2 dynamics during the transition from mixing to stratification 585
The persistence of NO 2 in the ocean results from an imbalance in the processes that 586 produce and consume NO 2 - (Fig.1) . In the aerobic water column, NO 2 is produced by NH 4 + 587 oxidizing organisms during the first step of nitrification, and by phytoplankton during 588 incomplete NO 3 assimilation. It is consumed by NO 2 oxidizers during the second step of 589 nitrification, and by phytoplankton during assimilation. Nitrite accumulates when production 590 exceeds consumption as long as dispersion rates are sufficiently low. In the Gulf of Aqaba in 591 winter, NO 2 is present at measurable concentrations throughout the mixed layer, whereas in the 592 summer NO 2 accumulates below the euphotic zone, forming a PNM (Fig. 2 To determine the role of phytoplankton in NO 2 formation, we considered the following 595 three observations. First, in winter NO 2 was observed throughout the mixed layer, which is the 596 depth of the water column occupied by phytoplankton, regardless of the exact mixing depth (Fig  597  1) . NO 2 did not accumulate below the mixing depth where phytoplankton do not survive. The 598 mixed layer is the portion of the water column homogenized by turbulent mixing; for example, 599 the mixed layer extended to the sea floor (~700m) in February 2008 ( Fig. 2A) , and to ~250 m in 600
February 2003 ( Fig. 2B) . Phytoplankton can inhabit the whole mixed layer because water 601 periodically gets mixed to the sunlit surface waters and allows for photosynthesis to occur 602 (Smayda and Mitchell-Innes 1974); they cannot grow in the permanent darkness of the deep 603 water below the mixing depth. NH 4 + oxidizers, on the other hand, can occupy and grow 604 throughout the entire water column including deep waters below the mixing depth because they 605 do not require sunlight to survive. Therefore, if the major source of the NO 2 in winter were 606 NH 4 + oxidizers, then the accumulation of NO 2 would not be confined exclusively to the mixed 607 layer, as we observe (Fig. 2) . Second, the inverse relationship between NO 3 and NO 2 in winter 608
profiles is maintained regardless of shoaling or deepening of the mixed layer during winter (Fig.  609  2) . This correlation suggests that NO 3 is the source of NO 2 generated within the mixed layer 610 because as NO 3 is consumed NO 2 is produced. Third, the NO 2 and NO 3 inventories in the 611 winter mixed layer agree well with the ratios of NO 2 to NO 3 observed during excretion by light 612 limited phytoplankton following NO 3 uptake. Specifically, the fraction of NO 2 generated relative 613
to NO 3 consumed in the mixed layer ranged from ~10% in 2003 (where ~0.4 µmol NO 2 -L -1 was 614 generated and 4-6 µmol NO 3 -L -1 was consumed; Fig 2A) to ~15% in 2008 (where ~0.3 µmol 615 NO 2 -L -1 was generated and 2 µmol NO 3 -L -1 was consumed; Fig. 3A) . These ratios are 616 consistent with the range of ratios measured in cultures of light limited phytoplankton that expel 617 a portion of the NO 3 they take up as NO 2 -(Collos 1998 and references therein). The non-618 nutritional uptake of NO 3 and release of NO 2 may be a mechanism by which certain 619 phytoplankton regulate photosynthetic electron flow during periods when irradiance fluctuates 620 Gilbert 1999, 2000) , e.g. during deep mixing. Based on the above observations, 621 phytoplankton appear to be the major source of NO 2 during convective winter mixing. These 622
findings agree with an incubation study by Al-Qutob and co-workers (2002), in which NO 2 was 623 produced by phytoplankton following N additions, and with monitoring studies conducted in this 624 region (Meeder et al. in press ). 625
In a mixed water column, biological N transformation rates reflect the "average" light 626 conditions because their products get distributed over the entire mixed layer. During winter in 627
the Gulf of Aqaba, the mixing time (e.g. the time required for a parcel of water to complete one 628 cycle of mixing from surface to the mixing depth and back to surface) is approximately 14 hr, 22 629 hr, and 29 hr for mixing depths of 200 m, 400 m, and 600 m respectively based on typical heat 630 flux and wind stress values for the region (S. Monismith, personal communication). The 631 homogeneity of NO 2 in the mixed layer suggests that the mixing time is fast relative to the rates 632 of NO 2 production and consumption such that no localized accumulation or drawdown of NO 2 -633 is observed in the mixed layer. 634
In contrast, in a stratified water column organisms at any given depth are subject to 635 relatively predictable light regimes. This allows different groups of organisms to populate depths 636 they are best adapted to occupy. The PNM forms when stratification imposes a range of physical 637 and chemical gradients on organisms, allowing different steady states to be reached between 638 NO 2 production and consumption at different depths in the water column. This is evident from 639 summer profiles of NO 2 from 2003 and 2008, where NO 2 accumulates at ~100 m, but not in 640 surface or deep waters. These monthly "snapshots" provide information on steady state nutrient 641 levels; they integrate and reflect the net result of all processes that produce and consume NO 2 at 642 a given depth. 643
The individual contributions of specific N transformation processes on PNM formation 644 can be discerned from the higher frequency monitoring data collected during the spring bloom. 645
To focus our discussion, we define four principal regions of the water column based on light 646 attenuation and major features of the PNM (Fig. 9) . The "euphotic zone" (0-60 m during our 647 study), extends from the surface to the compensation depth (i.e., the depth at which light is 648 attenuated to 1% of surface irradiance). The "sub-euphotic zone" (60-160 m during our study), 649
extends to the top of the PNM. The "upper PNM" (180-225 m during our study), encompasses 650 depths with substantial accumulation of NO 2 -. The "disphotic zone" extends from the depth 651
where the NO 2 concentrations of the PNM starts decreasing down to the sea floor (below 225 m 652 during our study). We note that the absolute depths given above for our study are not universal 653 for all summers in the Gulf of Aqaba or for all water columns because they would change 654
depending on the depth of the mixed layer prior to stratification, latitude, amount of chl a 655 present, and other factors influencing light penetration. Below we describe how N cycling 656 processes that produce and consume NO 2 generate conditions that give rise to the PNM. 657 658
Euphotic zone. 659
The euphotic zone is the layer in which sufficient light is available for photosynthesis to 660 exceed respiration, and where the majority of photosynthetic biomass is generated. Uptake of 661 NO 3 and NH 4 + is at times light dependent in natural phytoplankton populations, with the highest 662 rates generally occurring in the surface ocean and decreasing with depth as light becomes 663 attenuated (MacIsaac and Dugdale 1972). This trend was observed in the euphotic zone of the 664
Gulf as stratification became established. DIN uptake by phytoplankton was highest in surface 665
waters and lower at the base of the euphotic zone (Fig. 3A) . 666 Most of the available NO 3 and NO 2 in the euphotic zone of the Gulf of Aqaba was 667 assimilated and converted into biomass (e.g. photosynthetic uptake) ( Fig. 3) ). Another potential source of light N in surface water (Fig. 5A) is 687 biological N 2 fixation, which reflects the δ 15 N of atmospheric N 2 gas that is by definition zero. 688
Measurements of N 2 fixation rates in the Gulf have ranged from below detection (Hadas and Erez 689 2004) to low but measurable rates of 1-2 nmol L -1 day -1 (Foster et al. 2009 ). These rates are small 690 compared to other N transformation rates measured for the Gulf (Table 1 ) . However, we did not 691 measure N 2 fixation or atmospheric deposition directly in this study, so a contribution from 692 either cannot be confirmed or ruled out. Preferential export of 15 N in particulate matter out of the 693 euphotic zone (Altabet 1988) can skew the δ 18 O N+N : δ 15 N N+N relationship in surface waters, and 694 is apparent from the increased δ 15 N of particulate N with depth as the bloom progressed ( Fig.  695  5C) , although fractionation during mineralization could also contribute to this signal. 696 697
Sub-euphotic zone. 698
In this zone light is attenuated below the compensation threshold, and respiration by the 699 entire microbial community is likely to exceed photosynthesis by phytoplankton. Regression 700 analysis for depths in the sub-euphotic zone and down to 200 m showed that net NO 2 production 701 rates correlated very strongly with decreasing irradiance (Fig. 8B) . However, regression analysis 702 of residual chl a and residual NO 2 production data (i.e. with the influence of irradiance 703 removed) also showed a remarkably strong correlation (Fig. 8D) , and suggested that NO 3 uptake 704 and released as NO 2 by light limited phytoplankton was the dominant N transformation process 705
in the sub-euphotic zone during the beginning of the bloom (March 18-24). These results agree 706
with the findings of Dore & Karl (1996a) in the Pacific Ocean, where they suggest that the upper 707 portion of the PNM is generated by phytoplankton NO 2 release and closely tracks the nitricline. 708
An exception occurred at 120 m, where a large portion of NO 2 was generated from NH 4 + 709 oxidation rather than NO 3 reduction based on regression statistics (Fig. 3A; Fig. 8D) . The 710 contribution of NH 4 + oxidation to the NO 2 formation over this range of depths suggests that 711 substrate limitation of NH 4 + oxidation rates may be impacting NO 2 distribution in the water 712 column (Ward 1985) . Our data shows that NO 2 formation from NH 4 + oxidation can match or 713 exceed NO 3 reduction where ample NH 4 + is available. Indeed, the increasing slope of the best fit 714 line for δ 18 O N+N : δ 15 N N+N over this range of depths (Fig. 6 , orange circles) indicates that 715 nitrification was occurring within the sub-euphotic zone. 716
While the sub-euphotic zone is below the compensation depth, it is important to note that 717 phytoplankton continue to take up nutrients and perform photosynthesis in this dim layer (these 718 rates are simply exceeded by respiration rates). The δ 15 N N+N was elevated in the sub-euphotic 719 zone with respect to deeper water as the bloom progressed ( Fig. 5A) , indicating that assimilation 720 of N+N by phytoplankton or other microbes takes place. While seemingly counterintuitive that 721 phytoplankton could be both a source and a sink for NO 2 in the sub-euphotic zone over the 722 course of a bloom, several processes could lead to this outcome. First, intermittent changes in 723 light intensity due to internal waves could lead phytoplankton at the base of the sub-euphotic 724 zone to toggle between NO 3 assimilation and NO 2 excretion depending on their light 725 requirements. Another factor is that the phytoplankton community is a diverse assemblage of 726 different sub-populations, each with its own light requirements and N assimilation strategies. 727
During the bloom succession occurs within the phytoplankton community, and different sub-728 populations coexist, compete, and eventually either survive or get out-competed. Therefore, 729
while one sub-population may take up NO 3 and release NO 2 due to light limitation, another may 730 be able to complete the assimilation of NO 3 into biomass. Between March 24-25 731 nanophytoplankton abundance increased in the sub-euphotic zone (Fig. 4) . Nanophytoplankton 732
include phytoplankton taxa such as diatoms, and monitoring conducted after our sampling period 733 showed that the spring bloom became dominated by diatoms by the beginning of April (Iluz et 734 al. 2009). Non-nutritional uptake of NO 3 has been observed in some marine diatoms (Lomas and  735 Gilbert 1999), and uptake (though not necessarily assimilation) by these comparatively large 736 cells may have played a role in the drawdown of NO 3 and NO 2 in the sub-euphotic zone. Light-737 independent assimilation of NO 3 and NO 2 by non-photosynthetic microbes, which were 738 abundant throughout the water column, could also have caused the high δ 15 N N+N values at these 739 dim depths (Tupas et al. 1994 ). 740  741  4.1.3 The upper PNM. 742 The upper PNM (180-225 m) is a dynamic region where NO 2 accumulates. Within this 743 layer light is attenuated to levels too low for photosynthesis ( Fig. 8A) . During the first part of the 744 bloom NO 2 dynamics in the upper PNM were similar to the sub-euphotic zone in that NO 2 -745 production was strongly correlated with chl a levels, implicating phytoplankton as the main 746 source of NO 2 - (Fig. 8) . However, over the next day, net NO 2 production continued within the 747 upper region of the PNM and was no longer correlated to chl a (data not shown of the bloom indicates that NO 2 production and consumption were decoupled, with production 761 exceeding consumption. Nitrification was the major source of NO 2 in the upper PNM once 762 phytoplankton NO 2 excretion had declined following the initial stages of stratification. The main 763 NO 2 consuming process at these depths was NO 2 oxidation because photosynthetic NO 2 -764 assimilation is light limited at these dark depths. The steep slope of δ 18 O N+N : δ 15 N N+N values for 765 N+N shows that nitrification was occurring over this range of depths by March 25 when 766 stratification was firmly established (Fig. 6 , green circles). Olsen (1981) postulated that the 767 greater sensitivity of NO 2 oxidizers than NH 4 + oxidizers to light could be a mechanism by which 768 PNM form. Guerrero and Jones (1996) added to this model, noting that NH 4 + oxidizers recover 769 more rapidly from photoinhibition than do NO 2 oxidizers. Based on these observations, NH 4 + 770 oxidizers are postulated to be more active in shallower regions of the water column than NO 2 -771 oxidizers, and this spatial segregation of the populations leads to accumulation of NO 2 -.
772
The pattern of PNM formation in the Gulf of Aqaba is consistent with these hypotheses 773 of differential photoinhibition and recovery based on the concentrations of NH 4 + , NO 2 -, and NO 3 -774 throughout the water column. The NO 3 concentration data suggests that NO 2 oxidation was 775 closely coupled to NH 4 + oxidation only at depths below ~225 m, where production of NO 3 was 776 observed concurrently with NH 4 + and NO 2 consumption ( Fig. 3A) . Microbial nitrification in the disphotic zone 796 also refined the shape of the lower PNM during the onset of stratification by consuming a portion 797 of the broad band of NO 2 that was generated during the beginning of stratification, and helped 798 maintain the characteristic shape of the PNM throughout the summer. This can be seen on March 799 25, where the falling limb of the PNM took on a steeper slope than on March 24 ( Fig. 3A) and 800 was more similar to summer profiles from other years (Fig. 2) . 801
The elevated δ 15 N of particulate N that was spread throughout the water column by 802
March 25 ( Fig. 5C ) also suggests that a link exists between phytoplankton growth in the surface 803 and mineralization/nitrification at depth. Active processes, such as selective zooplankton grazing 804 and excretion, play an important role in packaging smaller suspended particles, such as 805 phytoplankton cells, within the euphotic zone for export as sinking particles. As a result, sinking 806 particles are generally higher in δ 15 N than suspended particles within the euphotic zone (Altabet 807 1988). The transport of sinking particles occurred quickly, as the elevated δ 15 N part was already 808 spread throughout the water column within days of the bloom initiating (Fig. 5C) approximation can be made based on the cell specific NO 2 uptake rate determined for 832
Synechococcus 7803 (0.02 fmol cell -1 hr -1 ; Lindell et al. 1998 ). This would correspond to a NO 2 -833 uptake rate of ~80 nmol N L -1 day -1 based on the phytoplankton cell abundances measured 834 during our study (~1.70e 5 c mL -1 ), and is consistent with the range of uptake rates we measured 835 in our 15 N tracer experiment (29-94 nmol N L -1 day -1 ). Urea uptake rates encompass a much 836 broader set of values in the environment, ranging from <2.4 to 86,400 nmol N L -1 hr -1 837 (Kristiansen 1983 , Berg et al. 1997 , Lomas et al. 2002 , Berman & Bronk 2003 , and our 838 measured rates of 296-1285 nmol N L -1 hr -1 fall within that range. We note that spontaneous 839 decomposition of urea into NH 4 + can occur in the light and were determined to be ~240 nmol L -1 840 day -1 in the Gulf of Aqaba (Kamennaya et al. 2008 ). However, this rate was measured following 841 a relatively concentrated urea spike of 20 µmol N L -1 , compared to our dilute spike of 0.2 µmol 842 N L -1 . If degradation kinetics are similar over this range of urea concentrations, then spontaneous 843 degradation of urea to NH 4 + could have caused an overestimation of ~20% for our urea uptake 844 rates in the light. 845
The N cycle in the Gulf of Aqaba provides an example of a system with closely coupled 846 N assimilation and regeneration during the stratified period. The increasing slope of the best fit 847 line for δ 18 O N+N : δ 15 N N+N (from 2:1-5:1; Fig. 6 ) indicates that regenerated organic matter is a 848 major source of N for primary producers in the Gulf of Aqaba, because it shows a strong 849 signature of uncoupled fractionation of N and O that is imparted during nitrification. This 850 observation is consistent with other studies that have found high rates of primary productivity 851 despite relatively low standing stocks of phytoplankton in the Gulf (Hase et al. 2006 ). Together 852 these findings suggest that assimilation and nitrification compete for NH 4 + , and that primary 853 productivity is tightly coupled to grazing food webs and microbial remineralization processes, 854
which are a source of NH 4 + . Productivity is therefore partially supported by efficient 855 sequestration of NH 4 + within cells as soon as it becomes available, in addition to using NO 3 -856 produced during nitrification. 857
During our monitoring of the spring bloom the concentration of DON increased by 1.1 858
µmol N L -1 as DIN decreased by this amount (Fig. 3B) Figure 9 
